Chromosome dosage has substantial effects on reproductive isolation and speciation in both plants and animals, but the underlying mechanisms are largely obscure 1 . Transposable elements in animals can regulate hybridity through maternal small RNA 2 , whereas small RNAs in plants have been postulated to regulate dosage response via neighboring imprinted genes 3,4 . Here we show that a highly conserved microRNA in plants, miR845, targets the tRNA Met primer-binding site (PBS) of long terminal repeat (LTR) retrotransposons in Arabidopsis pollen, and triggers the accumulation of 21-22-nucleotide (nt) small RNAs in a dose-dependent fashion via RNA polymerase IV. We show that these epigenetically activated small interfering RNAs (easiRNAs) mediate hybridization barriers between diploid seed parents and tetraploid pollen parents (the 'triploid block'), and that natural variation for miR845 may account for 'endosperm balance' allowing the formation of triploid seeds. Targeting of the PBS with small RNA is a common mechanism for transposon control in mammals and plants, and provides a uniquely sensitive means to monitor chromosome dosage and imprinting in the developing seed.
rice leaves 18 and diploid strawberry 19 may have been derived from tRNA iMet19 , but MIR845 in Arabidopsis appears to have been derived by truncation and inversion of a 5′ LTR plus a PBS (Fig. 1b) . Notably, in mammalian cells, abundant 18-to-22-nt 3′ CCA tRNA fragments also match endogenous retroviruses at the PBS and strongly suppress retrotransposition, which suggests an ancient mechanism for transposon control 20 .
Gypsy and Copia retrotransposons generate easiRNA in pollen ( Fig. 1c ), as does a ubiquitously expressed GFP sensor with a 3′ -UTR miR845b target site (Fig. 1d ). This sensor is silenced in pollen ( Fig. 1e ) and sperm cells ( Supplementary Fig. 1b ) of the Columbia accession (Col-0), but not in Landsberg (Ler-0). In Ler-0, MIR845a has been deleted completely, and MIR845b has a single-nucleotide polymorphism in the complementary miRNA* sequence that potentially impairs miRNA processing ( Supplementary Fig. 2a-f ). The Ler-0 MIR845 haplotype is conserved in Kro-0, Bay-0 and Tsu-0, and levels of miR845b are also depleted in these accessions ( Fig. 1f ). To address the potential effect of miR845 on TE silencing, we compared Col-0 and Ler-0 pollen transcriptomes, and found that TE transcripts are overall more abundant in Ler-0 pollen ( Supplementary Fig. 3a ), including miR845 targets such as ATGP2 and ATCOPIA36 that have escaped silencing in this ecotype ( Supplementary Fig. 3c ). Further, miR845-targeted TEs such as ATGP2 and ATCOPIA41 produce easiRNA in Col-0 pollen, whereas other TE families such as ATCOPIA63 are expressed and produce easiRNA specifically in Ler-0 ( Supplementary Fig. 3b ). Other differences between Col-0 and Ler-0 pollen may reflect TE copy-number variation, as well as indirect effects on easiRNA production from TEs without miR845 target sites (such as ARGONAUTE stability, or integration of DNA TEs near an existing LTR) 21 .
easiRNAs have been associated with RdDM activity 15, 22 , and bisulfite sequencing of Ler-0 pollen nuclei-after fluorescenceactivated cell sorting (FACS)-revealed lower levels of mCHH than found in Col-0 VNs ( Fig. 2a ), similar to seed methylomes in this respect 23 . This difference is particularly striking in pericentromeric heterochromatin, where the chromomethylases CMT2 and CMT3 maintain mCHH and mCHG, respectively ( Fig. 2a ). In contrast, the levels of mCHH in Col-0 and Ler-0 sperm cell nuclei were identical and very low ( Fig. 2a) 8, 10, 24 . In VNs, we found approximately 6,000 differentially methylated regions (DMRs) for mCHH between Col-0 and Ler-0, which overlapped primarily with TEs (including predicted miR845 targets) ( Fig. 2b and Supplementary  Table 2 ). The majority of VN DMRs were hypermethylated in Col-0 
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Nature GeNetics ( Fig. 2b ), but not in the RdDM mutant nrpd1a (the largest subunit of RNA polymerase (Pol) IV) or cmt2, which indicates targeting by both CMT2 and Pol-IV-dependent small interfering RNAs (siRNAs) ( Fig. 2c-e ).
In Arabidopsis, most 20-to-22-nt miRNAs are processed by DICER-LIKE1 (DCL1) and loaded into AGO1, whereas secondary siRNAs require a 'double hit' with two 21-nt miRNAs or a single hit with a 22-nt miRNA to trigger production from target transcripts, via the RNA-dependent RNA polymerase RDR6, and Dicers DCL2 and DCL4 25 . As expected, in plants heterozygous for the null dcl1-5 mutant allele or for the strong hypomorphic ago1-9 allele, GFP-sensor expression was restored in mutant pollen ( Fig. 3a and Supplementary Fig. 1c ). We therefore used dcl1-5/+ and dcl1/+ ;dcl2;dcl4 mutant backgrounds to purify wildtype, dcl1, dcl2/4 and dcl1/2/4 pollen by FACS ( Supplementary  Fig. 1d ). Small-RNA sequencing confirmed that miRNAs were depleted in dcl1 mutant pollen, including miR845a and miR845b (Fig. 3c,d and Supplementary Fig. 1e ), whereas secondary siRNAs derived from the GFP-sensor transcript were depleted in dcl1, dcl2/4 and dcl1/2/4 pollen ( Fig. 3b ). However, loss of easiRNAs, Supplementary Table 1 . c, miR845 targets accumulate high levels of secondary 21-and 22-nt easiRNA in pollen. d, The GFP-sensor construct includes a 3′ UTR with a miR845b target site and is driven by the UBIQUITIN10 (UBQ10) promoter. e, Strong GFP fluorescence was detected in floral organs of eight independent transgenic lines, but not in wild-type Col-0 pollen. The same reporter was not silenced in Ler-0 pollen, where miR845b is not expressed. Scale bars, 30 μ m. f, The MIR845 haplotype in Ler-0 is also found in other Arabidopsis accessions such as Bay-0, Kro-0 and Tsu-0 that produce low levels of miR845b, whereas Col-like accessions express high levels of miR845b in pollen. Bars represent mean C t values for miR845b levels as measured by qRT-PCR and normalized to the levels of miR156a (n = 2 technical replicates). Error bars represent the range. RPM, reads per million mapped reads.
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including 21/22-nt small RNAs from 5′ LTRs upstream of the PBS (miR845b target site) ( Supplementary Fig. 4a ), was observed only in dcl2/4 pollen, and not in dcl1 mutants (Fig. 3c ). Thus it is likely that miR845b triggers the production of GFP siRNAs and easiR-NAs through different pathways. In somatic tissues, small RNAs matching LTRs are 24 nt in length and are produced by Pol IV, RDR2 and DCL3 25 , which raised the possibility that 21/22-nt easiRNAs in pollen are dependent on Pol IV. Indeed, small RNA from nrpd1a-mutant pollen lost siRNAs for the majority of TEs in all size classes ( Supplementary Fig. 4b ), which indicates that easiRNA biogenesis in pollen from miR845 targets depends on Pol IV, DCL2 and DCL4. Similar pathways have been described under certain types of genotoxic stress 26, 27 , and in recently pollinated siliques, where 21-nt DCL4 isoform-dependent siRNA (disiRNA) depends on Pol IV and on a nuclear isoform of DCL4 that uses a hypomethylated promoter 28 , which is also hypomethylated in both Col-0 and Ler-0 VNs. disiRNA depends on RDR2 for biosynthesis 28 , similarly to some miRNA-dependent secondary siRNAs 29 , though a role for miRNA in disiRNA biogenesis has not been examined 28 .
Thus, retention of easiRNA in mature dcl1 pollen (Fig. 3c) , where both miR845a and miR845b are downregulated ( Supplementary  Fig. 1e ), suggests that miR845 triggers Pol IV-easiRNA biogenesis either during meiosis or early at the onset of gametogenesis, and not in the VN 9, 15 . To confirm that miR845 is able to trigger Pol IV-easiRNA biogenesis, we transformed Ler-0 wild-type plants with the Col-MIR845b locus, and observed specific upregulation of 21and 22-nt TE-derived siRNAs, similar to those observed in Col-0 pollen (Fig. 3e ). Restored easiRNA biogenesis in Ler:MIR845b pollen did not result in significant changes in CHH methylation ( Supplementary Fig. 5b) , which supports the idea that easiRNAs accumulate in sperm cells 9, 14 where RdDM and CMT2 pathways are not active 8, 24 .
Parental differences in small RNA can build strong barriers to hybridization 2 , and we have previously speculated that they might play a role in interspecific and interploid hybridization barriers 3 . Spontaneous chromosome doubling (polyploidization) is common in plants and is a major pathway toward reproductive isolation and speciation 4, 30 . This is because hybrid seeds collapse as a result of unbalanced expression of imprinted genes in the endosperm, a phenomenon known as the triploid block. The 'endosperm balance number' hypothesis further postulates the existence of multiple loci responsible for seed collapse in different strains 4 . The triploid block can be conveniently demonstrated in Arabidopsis with the omission of second division (osd1) mutant, which forms unreduced diploid male and female gametes that are self-fertile 31, 32 . When diploid osd1 pollen are crossed to wild-type-seed parents, triploid seeds with tetraploid endosperm are formed, and abort at high frequency depending on genetic background 31, 32 , mimicking crosses with pollen from tetraploid parents 33, 34 . To test whether miR845b-directed easiRNA biogenesis is involved in the triploid block response, we used a T-DNA insertion mutant at the MIR845b locus (mir845b-1) in Col-0 in which miR845b was downregulated by roughly one-half ( Fig. 4a) Fig. 3 | miR845b -dependent easiRNA biogenesis from transgenes and transposons. a, GFP sensor including a 3′ UTR with a miR845b target site and driven by the UBIQUITIN10 (UBQ10) promoter on wild-type (WT) Col-0 and dcl1-5/+ heterozygous backgrounds. GFP expression was restored in dcl1 pollen, which allowed FACS purification of wild-type, dcl1, dcl2/4 and dcl1/2/4 pollen grains. Scale bars, 30 μ m. b, Loss of GFP siRNA was detected in dcl1, dcl2/4 and dcl1/2/4 pollen grains, indicating that miR845b triggers DCL2/4-dependent secondary siRNA from the GFP transgene. c, Sequencing of small RNA from wild-type and mutant FACS-sorted pollen showed that 21-and 22-nt TE siRNA were lost in the dcl2/4 mutants, whereas miRNAs were depleted in dcl1. d, miR845a and miR845b were depleted in dcl1-5 mutant and Ler-0 pollen, but miR845b was restored in transgenic Ler-0 plants that expressed Col-MIR845b (Ler:MIR845b). e, 21-and 22-nt TE-derived siRNA levels were also depleted in wild-type Ler-0 pollen, but were restored in transgenic Ler:MIR845b. RPM, reads per million mapped reads.
were much lower compared with those in wild-type Col-0 ( Fig. 4b ), but similar to those observed in dcl2/4 mutants and wild-type Ler-0. Thus miR845b-directed easiRNA biogenesis is dose sensitive, which is consistent with a role in endosperm balance and dosage response. Pollinations of wild-type Col-0 seed parents with osd1-1 mutant pollen gave rise to approximately 5% viable seeds, whereas pollination with osd1-1;mir845b-1 pollen led to significantly higher (35%) seed viability (Fig. 4c ). Previous studies have shown that the triploid block response is much weaker in Ler-0 33, 34 , where miR845dependent easiRNAs are lost. Therefore, we crossed pollen from osd1-2 (Ler-0 background) and osd1-2 expressing Col-miR845b (osd1-2;MIR845b) to Ler-0 wild-type female parents. However, easiRNA upregulation in Ler-0 diploid pollen (Fig. 4a,b) was not sufficient to restore the triploid block, as the levels of viable triploid seeds remained similar (Fig. 4c ). We conclude that miR845bdependent easiRNAs are required but not sufficient for the triploid block, which suggests that additional regulatory mechanisms balance parental gene dosage in Ler-0 endosperm, as previously reported 32, 34 . Thus paternally expressed miR845b stimulates dose-dependent biogenesis of 21/22-nt secondary siRNAs via Pol IV transcription to mediate the triploid block dosage response. The ratio of 21/22-nt siRNA to 24-nt siRNA is much higher in interploid hybrid seeds with paternal excess 35 (Supplementary Fig. 6c ), which suggests that 21/22-nt easiRNAs might promote unbalanced genomic imprinting in interploid seeds. In previous studies, reduced levels of maternal 24-nt siRNAs resulted in upregulation of maternally expressed genes but did not suppress triploid seed abortion 35 , whereas lossof-function mutations in several paternally expressed genes (PEGs) were shown to be strong suppressors of the triploid block response 32, 36 . PEGs and TEs are also expressed in crosses between Arabidopsis species 37, 38 , which implicates them in seed abortion after both interspecific and interploidy hybridization. One possibility is that paternal easiRNAs are involved in silencing maternally expressed genes, which include important components of Polycomb repressive complex 2 (PRC2) such as MEDEA (MEA) and FERTILIZATION INDEPENDENT SEED 2 (FIS2). PEGs are silenced by PRC2-mediated trimethylation of histone H3 at lysine 27 (H3K27me3) in the endosperm 39 , and so would be upregulated in triploid seeds ( Supplementary Fig. 7) . This idea is supported by the fact that MEGs accumulate 21/22-nt easiRNAs in interploid seeds with paternal excess, which suggests that they are paternal in origin 35 (Supplementary Fig. 6a-c) , as well as by the fact that maternal expression of MEA and FIS2 is specifically repressed in Col, but not Ler, triploid seed 40 . Another possibility is that easiRNA promotes the expression of PEGs by antagonizing RdDM activity at imprinted Fig. 4 | miR845b-dependent easiRNA is required for the triploid block. a, miR845b was downregulated twofold (compared with expression in the wild type) in two biologically independent replicates of diploid pollen (2n) from a T-DNA insertion mutant at the MIR845b locus (mir845b-1; Col-0 background), and was abolished entirely in Ler-0. Expression of Col-MIR845b in Ler-0 2n pollen (osd1-2 mutant background; Ler:MIR845b) restored miR845b levels in the pollen of two biologically independent transgenic lines. b, TE-derived siRNAs were mapped to aligned 5′ regions (metaplots) of LTR Gypsy elements. 21/22-nt easiRNAs were depleted in mir845b-1 pollen and wild-type Ler-0 pollen compared with amounts in Col-0, but levels were restored in Ler:MIR845b. These effects were even more pronounced in osd1-2 diploid pollen (2n). c, Wild-type Col-0 seed parents were pollinated with osd1-1 diploid (2n) pollen, which led to the production of triploid seeds that aborted at high frequency. When osd1-1/;mir845b-1 double-mutant 2n pollen was used, seed viability increased to 35%. When osd1-2 Ler-0 2n pollen was used, the triploid block was also partially suppressed, with only 30% abnormal or collapsed seeds. However, expression of Col-MIR845b in osd1-2 Ler-0 2n pollen (Ler:MIR845b) was not sufficient to restore the triploid block. The number of seeds counted is shown for each cross. RPM, reads per million mapped reads.
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loci. In an accompanying paper, Martinez et al. 41 show that paternal Pol IV mutations suppress the triploid block, which is consistent with these mechanisms 15 .
Dose-dependent miRNA loci might contribute to endosperm balance number, which has been classically implicated in the triploid block and measures maternal as well as paternal chromosome dose 4 . In maize, maternal doubling induced before or even after fertilization (by doubling of the fertilized central cell) causes seed failure, which suggests that the relative dosage of cytoplasmic components in the gametophyte to genomic targets in the endosperm is also important 42, 43 . In Arabidopsis, maternal excess causes reduced triploid seed size, as well as accumulation of Pol-IV-dependent small RNA 35 , including disiRNA 28 . It will be interesting to determine whether small RNAs inherited from the maternal gametophyte also mediate dosage response 3 . We have shown that easiRNAs in pollen promote hybrid failure in interploid seeds and are triggered by miRNAs that target the same sequences in retrotransposons as are targeted by tRNA fragments in mouse endogenous retroviruses 20 . Similarly, PIWI-interacting RNA in the Drosophila germline promotes hybrid viability 2 , whereas 'scan' RNA (scnRNA) mediates interactions between micro-and macronuclear genomes in the germline of ciliates 44 . Thus transposon recognition by small RNA is an ancient mechanism for chromosomal interaction in eukaryotes.
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